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Aerosols, Climate, and the Hydrological Cycle 

budget? Qualitatively, looking down on Earth 
from space, anthropogenic activities are mak- 
ing the planet more absorptive and, as a 
result, darker with time in the IR and brighter 
in the visible wavelengths. Satellite radiation 
budget measurements for 1985 to 1990 indi- 
cate (9) that the planet absorbed 238 (? 2) W 
m-2 solar radiation and emitted outgoing 
long-wave radiation of 235 ( 5  2) W m-2. 

The difference of 3 W m-2 may be real or an 
artifact due to measurement errors or a com- 
bination of both. If we were to instantaneous- 

0 ne of the most visible impacts of is about 0.12 (t 0.04) [Web table 1 (I), Fig. ly reduce (as a hypothetical experiment in 
human activities is the brownish haze 2B, and (5, 7)]. Anthropogenic sources con- thought only) the GHGs and aerosols to the 
[see Web fig. 1 for anthropogenic tribute almost as much as natural sources to preindustrial values, the outgoing long-wave 

haze just south of Mt. Everest (I)] that per- the global AOD (Fig. 2, B and C) (2, 6, 7). radiation would increase to 237.4 W mP2 
vades many industrial regions, as well as the Anthropogenic aerosols are typically in the (235 + 2.4), and the absorbed solar radiation 
rural areas of the tropics and the subtropics submicrometer- to micrometer-size range and would increase to 238.5 to 240.5 W m-2 
that are subjected to heavy biomass burning. are composed of numerous inorganic and or- [238 + (0.5 to 2.5)]. 
Long-range atmospheric transport transforms ganic species (2, 3), falling under four broad Aerosols also absorb solar radiation, and 
this haze into a regional-scale aerosol layer categories [Web table 1 (I)]: sulfates, carbo- this solar absorption within the atmosphere, 
(2). Well-known examples are the Arctic naceous aerosols [black carbon (BC) and or- together with the reflection of solar radiation 
haze, the Indo-Asian haze (Fig. l), the east ganic carbon (OC)], dust, and sea salt. Global to space, leads to a large reduction in the solar 
Asian dust and haze traveling across the Pa- anthropogenic emissions of sulfates, organ- radiation absorbed by the Earth's surface. In 
cific (Fig. 2, A and B), and the biomass ics, and BC even exceed natural sources the following section, carbonaceous aerosols 
burning and dust plumes from North Africa [Web table 1 (1); (2,3)]. Such a large pertur- are identified as playing a major role in this 
(Sahara and Sahel regions) that spread over bation of the global aerosol loading 
most of the subtropical Atlantic (Fig. 2A). is a major environmental concern. 
Unlike the long-lived greenhouse gases Here, we ask how aerosols modify 
(GHGs), which are distributed uniformly regional and global climates. 
over the globe, aerosol lifetimes are only a 
week or less [(2, 3), see Web table 1 for Radiative Forcing: CHCs and 
representative lifetimes of aerosols (I)], re- Aerosols 
sulting in substantial spatial and temporal Greenhouse gases absorb upwelling 
variations with peak concentrations near the infrared (IR, also referred to as long- 
source (Fig. 2, A and B). wave) radiation and reduce the out- 

On account of the large spatial and tem- going long-wave (>4 pm) radiation 
poral variability of these aerosols, remote at the top-of-the atmosphere (TOA). 
sensing from satellites delivers the most reli- The TOA radiative forcing (that is, 
able information about global aerosol distri- the change in the outgoing long- 
butions (4). The measurable quantity from wave radiation), due to the observed 
space is the aerosol optical depth (AOD) (Fig. increase in GHGs since the early 
2), which is derived from the solar radiation 
reflected to space (4). The AOD is the verti- 
cal integral of the aerosol concentration 
weighted with the effective cross-sectional - 
area of the particles intercepting (by scatter- 
ing and absorption) the solar radiation at the 
wavelength of interest. The globally and an- 
nually averaged value of AOD (at 0.55 pm) 
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20th century, is about 2.4 W m-2 Fig. 1. Clouds in the presence of anthropogenic haze 
(8). Aerosols, on the other hand, in- over the equatorial Indian Ocean. Picture taken on 24 
crease the reflection of solar radia- February 1999 at 0.S0N, 73.3OE during the Indian 

tion to space through a variety of Ocean Experiment campaign. The brownish haze orig- 
inates from South Asia (see Web fig. 1 for a photo of 

radiative and microphysical thick brownish haze over lower Himalayas). The haze 
Processes (2). The effects of anthro- reaches close to the top of cumulus clouds located 
pogenic aerosols on long-wave radi- around 5 km in this picture. 
ation are relatively minor (except for 
desert dust) and will not be discussed further. absorption (6, 8). The changes arising from 
Global estimates of the TOA radiative forc- the aerosol scattering and absorption of radi- 
ing (that is, the change in the absorbed solar ation are referred to as the direct radiative 
radiation) due to anthropogenic aerosols in forcing. Aerosols also influence climate in 
the solar wavelength region range from -0.5 major ways through their important role in 
to -2.5 W mP2 (3, 6, 8). The negative sign cloud condensation and as ice nuclei (2,3,8). 
indicates a cooling effect. How do these an- Increase in aerosols causes an increase in the 
thropogenic changes affect the earth radiation droplet number concentration. The increase 
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in the number of drops leads to an increase in leads to suppression of precipitation in pol-
the reflection to space of solar radiation from luted clouds. In addition, it can also lead to an 
clouds, leading to a climate cooling (3). This increase in cloud lifetime and in turn the 
is called the first indirect radiative forcing. If amount of clouds. The increase in cloudiness 
the condensed moisture inside the cloud is will lead to a further increase in the reflection 
not altered by the increase in aerosols, the of solar radiation, giving rise to the so-called 
droplet radius will decrease because of the second indirect radiative forcing. 
increase in its number concentrationresulting After describing the regional and global 
in a decrease in the precipitation efficiency magnitudes of the direct and the indirect 
(2, 3, 8). This direct microphysical effect aerosol forcing terms, we conclude with a 

discussion of the climate 

SatelliteAOD from MODIS (April 2001) 

Natural + anthropogenic AOD (1998): 
Model + satellite 

implications. We sug-
gest that the major im-
pact of the large reduc-
tions in the surface solar 
radiation along with the-

precipitation suppression 

0.8 is to spin down the hy-

I 
drological cycle. How 
these aerosol effects will 
interact with the GHG 
effects is largely un-

^ 5 known, because the 

former is concentrated 
A regionally near anthro-

I0.3 pogenic sources (Fig. 2), 
and that, too, mostly in 

0-2 the Northern Hemi-
,, sphere, whereas the 

GHG effects are distrib-
,O uted globally. This 

asymmetricnature of the 
aerosol forcing can also 
lead to myriad feedback 
effects [Web fig. 2 (I)]. 

Anthropogenic AOD (1990s): Model 

- -

Fig. 2. Global distribution of natural and anthropogenic aerosol 
optical depth (AOD). (A) AOD at 0.55 p m  derived from moderate-
resolution imaging spectrometer, MODIS, on board the TERRA satel-
lite (4). MODlS uses new techniques (4) to  derive AOD over the land. 
Data are shown only for one month. A complete year is still not 
available. Many land regions are missing (black shaded areas), be-
cause these are mostly desert land areas with too bright background 
for retrievingthe AOD. (B) Annual mean AOD (at 0.63 ym) estimated 
by a four-dimensional assimilation model (5) that uses satellite-
derived AOD for the oceans to  constrain the model AODs. The AOD 
here represents the sum of natural and anthropogenic aerosol. (C) 
Anthropogenic contribution to  the AOD estimated by a three-dimen-
sional model (6, 7). Biomass burning is the major contributor to  the 
high aerosol regions in Africa and South America. Both biomass 
burning and fossil fuel combustion contribute to  the loading in South 
and Southeast Asia (the model does not capture the full impact of the 
anthropogenic aerosols in this region). Fossil fuel combustion is the 
major contributor to  the mid- and high latitude aerosol loading. 

Carbonaceous 
Aerosols: A Major 
Wild Card 
Individual aerosol parti-
cles may contain chemi-
cally distinct species 
such as sulfates, organ-
ics, BC, and dust, among 
others. More often they 
are composite mixtures 
of a core refractory ma-
terial (BC, dust, sea salt) 
with a coating of organ-
ics, sulfates, and nitrates 
(2, 3). Biomass burning 
plays a major role in the 
emission of organics 
(lo), whereas fossil fuel 
combustion and biomass 
burning contribute about 
equally to BC emission 
(2). Pure sulfate aerosols 
primarily scatter solar 
radiation and cause cool-
ing (11). For such non-
absorbing aerosols, the 
increase in the reflected 
solar flux at the TOA is 
nearly identical to the re-

duction in the solar radiation at the surface. 
As a result, both the surface and the atmo-
sphere will cool, and the magnitude of the 
cooling can be estimated mostly from the 
aerosol forcing at the TOA (8). 

Carbonaceousaerosols (BC and organics) 
absorb and scatter solar radiation (2, 3). BC 
has been detected in remote oceanic regions, 
raising the possibility of hemisphere-wide 
dispersal (12). The presence of trace amounts 
of BC can result in a large atmospheric solar 
absorption (13), which reduces substantially 
the solar radiation reaching the surface (14), 
as shown directly from observations(15,16). 
In addition, BC absorbs the upward solar 
radiation (reflected by the surface and 
clouds). This reduces the solar radiation re-
flected to space, resulting in a positive TOA 
aerosol forcing (6, 17), in contrast to the 
negative forcing at the surface. At the TOA, 
the BC effect opposes the cooling effect of 
sulfates and organics, whereas at the surface, 
all aerosols reduce the solar radiation.The net 
result is that the aerosol-induced changes in 
the solar radiative flux at the surface (with the 
possible exception of snow surfaces) far ex-
ceed the changes at TOA (16). Whether the 
Earth's surface will cool or warm in response 
to the BC forcing will depend on subtle de-
tails of how the surface and the atmosphere 
are coupled together, and as a result, different 
regions of the planet may respond differently, 
both in magnitude and in sign. The role of 
sunlight-absorbing, BC-containing particles 
on radiative forcing have come to the fore-
front (6, 8, 17) in climate-change studies, 
especially as a result of findings of some 
major field programs such as Tropospheric 
Aerosol Radiative Forcing Observational Ex-
periment (It?), Smoke, Clouds, and Radia-
tion-Brazil Experiment (19), Aerosol-Char-
acterization Experiment-I1 (20), and the In-
dian Ocean Experiment, INDOEX (16, 21-
23). 

Direct Radiative Forcing 
An important parameter that governs the 
relative scattering and absorption by a par-
ticle is the single scattering albedo, SSA, 
which is the ratio of scattering to the sum of 
scattering and absorption. The SSA of BC 
at visible wavelengths is about 0.2, whereas 
it is -1 for a sulfate aerosol (2, 3). The 
SSAs of most Northern Hemisphere aero-
sols are in the 0.85 to 0.95 range (6, 17). 
This is interesting because aerosols have a 
net negative TOA forcing when the SSA 
exceeds 0.95, and a net positive TOA forc-
ing for SSAs < 0.85. For the intermediate 
values, the net effect can change from neg-
ative to large positive forcing depending on 
the cloud fraction, surface albedo, and the 
vertical aerosol and cloud distribution (Fig. 
3). The global average magnitude and the 
sign of the TOA direct forcing are therefore 
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highly uncertain; it is then not surprising 
that the global mean TOA aerosol forcing 
values obtained from publications (2, 3, 6, 
8, 17) range from -0.5 to +0.2 W m-2. 

Whereas the forcing at the TOA is the 
main focus of most studies (3,8), the major 
outcome of recent field campaigns is the 
finding that aerosols have a substantially 
larger impact on the surface and the atmo- 
spheric solar radiative heating. The TOA 
radiative forcing is merely the sum of the 
surface and the atmospheric radiative forc- 
ing. The INDOEX campaign has yielded a 
4-year average of the dry season (January 
to April) radiative forcing of the Indo- 
Asian haze (Fig. 4). This haze is a 3-km- 
thick aerosol layer (23) that persists over 
most of the dry season (22) and covers most 
of the tropical Indian Ocean north of 5's 
(21,23). It extends over Asia into the west- 
ern Pacific (22, 23) (Fig. 2A). During 
INDOEX, average AODs were as high as 
0.3 (23), and anthropogenic sources from 
South Asia contributed as much as 75% to 
the AOD (16, 22). The average chemical 
composition of the aerosols by mass includ- 
ed (22) sulfates (32%), ammonium (8%), 
organics (26%), nitrates (lo%), BC (14%), 
fly ash (5%), dust (lo%), and potassium 
(2%). The haze was highly absorbing with 
a measured SSA of about 0.9 (23). 

-.95 - - - Lend 
Ocean 
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-401 
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Cloud fraction (%) 

Fig. 3. Dependence of the aerosol direct forc- 
ing at the TOA (top panel) and at the surface 
(bottom panel) on low cloud fraction, SSA, 
and surface albedo (land or ocean albedo). 
The results are diurnally averaged and are 
based on a Monte Carlo aerosol-cloud-radia- 
tion model mentioned in (23). References 
that describe this model in detail can be seen 
in (23), and the model assumes an AOD of 
0.3. The SSA for the upper dashed line and 
the upper boundary of the blue-shaded re- 
gion is 0.85 for the top panel and 0.95 for the 
bottom panel. A similar convention applies to 
the lower dashed line and the lower boundary 
of the blue-shaded region. 

Calibrated solar radiation flux measure- 
ments from space and the surface during 
INDOEX revealed (1 6)  that the haze-in- 
duced reduction in surface solar radiation 
(surface forcing) is three times as large as 
the reflected solar radiation at TOA (TOA 
forcing) for clear skies. It is about eight 
times as large for average cloudy skies 
(23). The large negative surface forcing of 
-14 W m-2 (Fig. 4), a consequence of the 
large atmospheric absorption, is also typi- 
cal of other polluted regions including the 
Atlantic (It?), Eastern USA (18), the Ama- 
zon (19), and Africa (24). 

lndirect Radiative Forcing 
Aerosols, in particular sulfates, larger than 
about 0.05 ym in diameter provide the nuclei 
for most cloud drops and ice crystals (25). 
Organic aerosols also serve as cloud conden- 
sation nuclei (CCN) on a par with the role of 
sulfate particles (26). Trace amounts of sol- 
uble gaHes and organic substances in air pol- 
lution can amplify the CCN activity of small 
aerosols and the respective effects on clouds 
(27). The logical inference is that by acting as 
CCN and ice nuclei, anthropogenic aerosols 
have led to an increase in the number of cloud 
drops and ice crystals (25). This inference is 
borne out by observations. In situ aircraft 
observations (28-32) of continental and ma- 
rine clouds show that anthropogenic aerosols 
enhance CCN and cloud drop number density 
(Fig. 5) and reduce their sizes. Satellite stud- 
ies have reinforced the findings of the in situ 
aircraft data on larger scales (33-35). At 
present, there are no reliable observations of 
increase in cloud lifetime due to the second 
indirect effect. Absorbing aerosols can also 
lead to a surface warming through the so- 
called semidirect effect on clouds (36). In 
this effect, the solar heating of the boundary 
layer by BC can evaporate some of the clouds 
and allow more solar radiation to reach the 
surface. 

The INDOEX cloud and aerosol data (Fig. 
5), when integrated with realistic cloud-radia- 
tion models, yield -5 W mP2 for the TOA 
forcing because of the fmt indirect effect (23) 
(Fig. 4). The global average indirect forcing (3, 
8) varies from -0.3 W mP2 to about -1 W mP2 
for just sulfate aerosols and about -0.5 to -2 W 
mP2 for sulfate plus carbonaceous aerosols (3, 
8). The INDOEX results and the global average 
model estimates both reveal that, at the TOA, 
the cooling effect due to the first indirect forc- 
ing is significantly larger than that due to direct 
forcing. At the surface, however, the direct 
forcing is the dominant contributor (Fig. 4). 

The Direct Microphysical Effect on 
Precipitation 
Aerosols containing large concentrations of 
small CCN nucleate many small cloud 
droplets, which coalesce very inefficiently 
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Fig. 4. Comparison of anthropogenic aerosol 
forcing with greenhouse forcing. (A) The Indo- 
Asian region. Results are similar to those shown 
in (23) but for a much longer period. The green- 
house forcing was estimated from the NCAR 
community climate model (9) with an uncer- 
tainty of ? 20%. (B) Same as above, but for 
global and annual average conditions. The glob- 
al average values are a summary of published 
estimates (3, 6, 8, 77). 

into raindrops. One consequence of this is 
suppression of rain over polluted regions 
(37-39). In satellite studies, the clouds 
within and outside of pollution tracks had 
similar dimensions and contained similar 
amounts of water (38, 39). The only differ- 
ence was in the reduction of the cloud 
particle effective radius within the pollu- 
tion tracks to less than 14 ym (Fig. 6), the 
precipitation threshold radius below which 
precipitation particles do not normally form 
(38, 39). Precipitation was observed only 
outside the pollution tracks, not in them. 
The suppression of coalescence by smoke 
and air pollution also induced lower freez- 
ing temperature of the cloud supercooled 
water and suppression of the ice precipita- 
tion processes (39). Desert dust also sup- 
presses precipitation from warm clouds, but 
in addition, it has a strong ice-nucleating 
activity (40). The effect on precipitation 
has been documented so far only on the 
basis of case studies, but it is likely to be a 
major factor in reducing precipitation effi- 
ciency of clouds over land where anthropo- 
genic sources are a major source of CCN. 

Response of the Climate System 
Greenhouse gases and aerosols have compet- 
ing effects on climate and the hydrological 
cycle. Furthermore, their competing effects 
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Fig. 5. Aircraft data illustrating the increase in cloud drops with aerosol number concentration. 
References for the data are as follows: North Sea (28), Nova Scotia and North Atlantic (29), ACE-2 
(30), Astex (31), the thick red line is obtained from a composite theoretical parameterization that 
fits the INDOEX aircraft data for the Arabian Sea (23). The gray-shaded region is the INDOEX 
aircraft data for the Arabian Sea (32). 

depend on spatial and temporal scales. We 
will begin with the global mean impacts. 

Impact on global surface temperature. 
Numerous coupled ocean and atmosphere 
general circulation climate models (OA- 
GCMs) have shown that the global average 
temperature changes are largely determined 
by the TOA forcing (8). It then follows from 
the TOA forcing values in Fig. 4 that the 
global surface warming due to GHGs should 
exceed the global cooling effect of the aero- 
sols; regionally, however, the aerosols' cool- 
ing effects could exceed the GHG's warming 
as discussed later. Modem climate models 
suggest that the global surface would warm 
by about 0.5 to 0.8 K per 1 W m-2 TOA 
forcing (6,8,36). Out of the 2.4 W m-' 20th 
century anthropogenic GHG forcing, about 
0.4 W rn-' is stored in the oceans (41); the 
remaining 2 W m-2 should have caused a 
warming of about 1 to 1.6 K. The observed 
warming between 1900 and 2000 is only 
about 0.6 K (36). The estimated global mean 
TOA aerosol forcing of -1 + 0.5 W mP2 
(Fig. 4) is sufficient to account for the miss- 
ing cooling effect. However, the observed 
warming occurred during two episodes, one 
from 1900 to 1940 and the other from 1975 
onward, with a slight cooling trend in be- 
tween. This indicates that other factors such 
as volcanoes and solar variations (8, 36) are 
also involved. 

Impact on the global hydrological cycle. 
Most, if not all, OA-GCMs show that a global 
mean surface warming will be accompanied 
by an increase in global precipitation (42) by 
about 1 to 2% per Kelvin (increase in surface 
temperature) because of the increase in evap- 

oration, particularly from the oceans. The 
evaporation increases because the saturation 
vapor pressure increases with temperature. 
The large difference between TOA and sur- 
face forcing due to the absorbing anthropo- 
genic aerosols raises an important question 
related to the hydrological cycle: How does 
the system adjust to the large reduction in 
surface solar absorption (Figs. 4 and 7)? 
Long-term negative trends in surface solar 
irradiance have been observed by surface ra- 
diometers worldwide over land (43,44). The 
reported trends in the annual mean irradiance 
vary from -5% (10 W m-') between 1958 to 
1985 for all land stations (43) to about -1 to 
-3% per decade for the last 4 decades over 
many of the 1500 stations in the global data 
sets (44). It should be noted, however, that 
surface radiometric observations are subject 
to large uncertainties. Furthermore, the ob- 
served changes may not be solely due to 
aerosols. 

At the surface, there is a balance between 
radiation, evaporation (latent heat flux from 
the surface to the atmosphere), and sensible 
heat flux. One or all of these components will 
decrease to compensate for the reduction in 
surface solar radiation. Sixty to 70 percent of 
the absorbed solar radiation at the surface is 
balanced (on a global annual mean basis) by 
evaporation (9), and it is thus possible that a 
major fraction of the reduction in surface 
solar radiation (Figs. 4 and 7) is balanced by 
a reduction in evaporation. Reduction in the 
evaporation will have to be balanced by a 
reduction in rainfall and effectively spin 
down the hydrological cycle. 

We do not have global model studies of 

realistic absorbing aerosols to assess the 
quantitative importance of the aerosol effect 
on the hydrological cycle. However, the de- 
duction regarding the hydrological cycle 
spin-down is supported by numerous OA- 
GCM studies (45-48). Most models have 
included only the radiative effect of sulfate 
aerosols. Inclusion of just the direct radiative 
forcing of sulfate aerosols (without GHG 
forcing) leads to a net reduction in the hydro- 
logic cycle, with the reduction in solar inso- 
lation balanced partially by a reduction in the 
latent heat flux due to evaporation. In more 
recent studies (47, 48), which include both 
the direct and the indirect radiative effect of 
sulfate aerosols, the strength of the hydrolog- 
ic cycle also decreased, and this decrease was 
large enough to reverse the effect of GHGs in 
one of the models (48). 

Regional climate changes. Regionally, 
particularly in the tropics and subtropics with 
highly absorbing particles during the dry sea- 
son, anthropogenic aerosols can decrease the 
average solar radiation absorbed by the sur- 
face by as much as 15 to 35 W mP2 (Fig. 7) 
and can increase the atmospheric heating, 
within the lowest 3 kilometers of the atmo- 
sphere, by as much as 60 to 100% (Fig. 7). 
Perturbations similar to those shown in Fig. 7 
should also be expected in other regions (East 

Fig. 6. Satellite-retrieved median effective ra- 
dius of particles near the top of deep convec- 
tive clouds at various stages of their vertical 
development, as a function of the cloud top 
temperature, which serves as a surrogate for 
cloud top height. The effective radius is the 
ratio of the integral of the third moment (P) of 
the radius, weighted with the number concen- 
tration at that radius, to  its second moment 
(9). This is shown for clouds forming in pollut- 
ed (solid lines) and pristine air (broken lines). 
The red lines denoted by "INDOEX polluted" 
are for data along a track that runs from South 
West India into the Indian Ocean. The blue lines 
are for tracks over urban Southeastern Austra- 
lia (38). Violet lines are for Thailand pre-mon- 
soon clouds with suppressed coalescence. 
Green lines are for biomass smoke over the 
Amazon; and black lines are for desert dust over 
Israel (40). The vertical green line denotes the 
14-km precipitation threshold radius. The 
references that justify this threshold value 
are given in  (38, 39). 
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Asia, South America, sub-Saharan Africa, also explain some of these observed changes. lifetimes, which is only several days [Web 
and parts of Europe) subject to large loading OA-GCMs with GHG forcing estimate an in- table 1 (I)]. On the regional scale, anthro- 
of absorbing aerosols (Fig. 2A). The impact crease of precipitation in mid- to high latitudes, pogenic aerosols are already affecting sur- 
of aerosols that is more significant than the a decrease in subtropical regions, and an in- face forcing, atmospheric heating, and pre- 
TOA forcing involves the vertical redistribu- crease in tropical regions (45, 47). cipitation. Here, we have emphasized the 
tion of the solar radiation between the surface Feedbacks. The impact of the aerosols can hitherto underestimated impact of aerosols on 
and the lower atmosphere, qualitatively re- also be enhanced by feedback loops. The Earth's radiation at the surface and on the 
sembling the nuclear winter forcing (49). main mechanism for cleansing the atmo- hydrological cycle on global and regional 
Such a perturbation, during the dry season, sphere from aerosols is deposition by precip- scales. Globally averaged, the aerosol net 
can lead to a large regional cooling at the itation. The suppression of precipitation by radiative cooling effect at present may be 
surface accompanied by a warming of the aerosols prolongs their atmospheric residence quite comparable with the forcing due to 
lower troposphere as shown in the GCM time, further enhancing their impacts. The GHG emissions. The role of GHGs in global 
study (with fixed ocean surface temperature) drier conditions due to the suppressed rainfall warming will increase because of their accu- 
reported in (23). The lower atmosphere of the are conducive to raising more dust and smoke mulation in the atmosphere (8). For the next 
GCM over the tropical Indian Ocean decades, the regional aerosol effects 
warmed by about 1 K, and the land . .  . - - . . . . . . . will continue to play a major role as 
surface cooled by about 0.5 to 1 K. ' 1 0.8 long as such strong sources of air 
Regional aerosol cooling in North- , 1 ,  pollution remain. It appears that the 
ern Hemisphere mid-latitudes have ' 0.6 strongest GHG effect (on surface 
also been estimated by GCMs (but . temperature) will be felt in the 
including only sulfates) (47,48). Al- Southern Hemisphere and at the ex- 
though the large cooling observed 

10 1 1 tra-tropical latitudes, whereas the ef- 
(42) over the Northern Hemisphere fects from aerosols will be felt most 
land masses during the 1940s to 5 ) in the tropics and the subtropics, 
1970s is consistent with the large I 0.2 particularly in view of the large 
increase in sulfate aerosol emis- - tropical and subtropical aerosol 

sions, we cannot rule out other nat- 0.1 emission sources in the Asian region 
ural causes. It is also interesting that, (Fig. 2). 
even though the heat content of most -10 
of the world's oceans increased dur- 50 70 80 90 100 Directions for Future Research 
ing the last century, the North Indian 
Ocean (see the large reduction in 
solar radiation shown in Fig. 7) was 
the major exception (41). 

The largest impact of the 
INDOEX aerosols is to alter the lati- 
tudinal and interhemispheric gradients 
in solar heating (Fig. 7), which play a 
dominant role in driving the tropical 
circulation. In addition, the direct mi- 
crophysical effect might decrease 
rainfall beyond the reduction in evap- 
oration, because on a regional scale, 
precipitation does not have to balance 
evaporation. This effect may be most 
evident in regions of heavy aerosol 
loading (Fig. 2C) and at low latitudes, 
where the convective nature of the 
clouds renders them susceptible to the 

rSC 
Change In absorbed surface solar radiation (W mm2) 

Fig. 7. The Indo-Asian haze effects on seasonal mean (January to 
April for 1996 to 1999) change in atmospheric solar heating rate 
(top panel) and the reduction in surface solar radiation (bottom 
r an ell. Results are similar to those shown in 1231. but for a much 

suppression effects. This might ac- iong& pe 
count for the observation (42) that 
rainfall has decreased over much of the North- 
ern Hemisphere subtropical (lOON to 30°N) 
land areas during the 20th century by about 
0.3% per decade, whereas the precipitation in 
the mid- and high latitudes has increased by 
about 0.5 to 1% per decade, except over East 
Asia. The exception is interesting, because East 
Asia is one of the most polluted regions (Fig. 2, 
A and C). Furthermore, the increase in tropical 
land-surface precipitation witnessed during 
most of the 20th century (42) was not evident 

. ,. 
riod. 

from burning of the drier vegetation. Sup- 
pression of precipitation in the updrafts of 
very deep clouds, especially in the tropics, 
can also transport more water and aerosols 
into the upper troposphere and the lower 
stratosphere. The accompanying increase in 
the upper troposphere water vapor green- 
house effect can counter some of the aerosol 
cooling effect. 

Implications for the Future 
over the past few decades, when anthropogenic It is important to differentiate the decadal 
aerosol emission rates increased significantly in to centennial time scales involved in GHG 
the tropics. However, greenhouse forcing can warming from the time scale of aerosol 

First and foremost, we need a re- 
liable global inventory of aerosol 
emission rates, lifetimes, and con- 
centrations. BC emissions from 
Asia are particularly important. 
We urgently need the capability to 
observe the global distribution and 
transport of BC around the planet. 
We also need reliable measure- 
ments of AODs over land, because 
current long-term satellite obser- 
vations are reliable only over the 
ocean. Such data are within reach 
[(4, 50); see also MODIS land 
AOD in Fig. 2A]. On the theoret- 
ical and experimental side, we 
need to investigate how carbona- 
ceous aerosols regulate the micro- 
physical processes in clouds. We 
also need carefully designed OA- 
GCM studies to determine how the 

hydrological cycle responds to the micro- 
physical and radiative effects of aerosols. 
Integration of innovative new satellite ob- 
servations, field experiments, and laborato- 
ry studies with models will pave the way 
for breakthroughs in our understanding of 
how these tiny particles are modifying the 
environment. 
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